IR Reflectography applied to the identification of hidden details of paintings is extremely useful for authentication purposes and for revealing technical hidden features. Recently, multispectral imaging has replaced traditional imaging techniques thanks to the possibility to select specific spectral ranges bringing out interesting details of the paintings. VIS-NIR-SWIR images of one of the The Drunkenness of Noah versions painted by Andrea Sacchi, acquired with a modified reflex and InGaAs cameras, are presented in this research. Starting from multispectral images we performed post-processing analysis, using visible and infrared false-color images and principal component analysis (PCA) in order to highlight pentimenti and underdrawings. Radiography was performed in some areas to better investigate the inner pictorial layers. This study represents the first published scientific investigation of The Drunkenness of Noah's artistic production, painted by Andrea Sacchi.
Introduction
Infrared reflectography has been widely employed as preliminary investigation of paintings to evaluate the state of conservation, reveal underdrawings and provide similar and/or complementary information to the radiography [1, 2] . The possibility to visualize the underlying drawing is related to the fact that many pigments result to be transparent to IR radiation in the infrared region of the electromagnetic spectrum. For this reason, a high contrast between the materials used for the drawing, like carbon black or black bone, and the preparation layer, consisting of chalk or white lead, is obtained. In some cases, infrared reflectography does not show underdrawings, but pictorial spreads that belong to a previous idea of the painting composition. These pictorial layers and changings in the drawing, which is concealed under the final pictorial layer, are hidden to an external observer and could be Heritage 2019, 2 2276 defined as pentimenti. Their visualization permits to acquire an important knowledge of the evolution of the artist's compositional project, revealing the mental process behind the final appearance of the painting [3] . Usually, copies do not show significant pentimenti due to the fact that the painter replies a model. As a matter of fact, reflectograms could highlight the grids used to transpose the original painting to a different scale [4] . This means that the studies of the underdrawings or pentimenti and the sketches, concerning a series of paintings and representing the same subject, are extremely important to determinate their temporal execution. Furthermore, the discovery of pentimenti can help to establish the originality of an artwork since a forgery often represents a faithful copy of the original or, at least, is realized without relevant changes.
The infrared reflectography is performed by illuminating the painting with infrared radiation and collecting the infrared radiation backscattered from the painting with a dedicate detector. The less expensive acquisition system consists of two light sources, which uniformly illuminate the painting surface and a digital camera equipped with different filters to take images in different spectral range. The IR reflectography can be performed by using several types of cameras with different image sensors. Cameras for NIR (Near Infrared Reflectography) imaging use silicon-based sensors, which can detect photons up to 1100 nm (even if the signal to noise ratio is very low at these wavelengths), while the other ones are properly projected for applications in the IR ranges. The early systems used PbO-PbS vidicon cameras with sensitivities up to 2200 nm; more suitable systems use InGaAs or PtSi detectors with a broader sensitivity.
Usually, IR reflectography is carried out using a long-pass filter (in order to remove the UV-VIS portions of the spectrum) and capturing the IR image in a single large band. The acquired information is integrated over the broad spectral range instead of being obtained in a spectral narrow band.
For this reason, over the last decade, multispectral imaging has gained importance in the cultural heritage field, since it allows to select a specific IR portion in which the painted layers present low absorbance and granting a better visualization of the background layers [5, 6] .
Multispectral imaging was developed 40 years ago and its use was mainly restricted to astrophysics, remote sensing, and terrestrial military applications until the 1990s. This technology has undergone a rapid development during the last 20 years and has been applied in many research fields, such as the remote sensing of Earth's atmosphere [7] , the detection of contaminants on food [8] , the analysis of plants and fruits [9] , and the diagnostic of cancer tissue [10] .
Multispectral imaging permits to acquire a set of two-dimensional images at different wavelengths within a given spectral range. In this way, spatial and spectral information are simultaneously recorded: The light intensity is registered as a function of both location (pixel of the image) and wavelength. For the sake of the good order, another technique which is based on the same principles should be mentioned: 'Hyperspectral imaging. This technique differs from multispectral imaging because of the number of spectral images produced: Less than 12 in the multispectral imaging and much more in the hyperspectral system [11] .
The post-processing represents an important step for a proper interpretation of multispectral images. Indeed, the development of digital acquisition procedures has permitted post-processing of raw images by the application of typical digital image processing algorithms, such as contrast stretching and luminance transformation filters (gamma, logarithmic, etc.). However, thanks to the modern image processing it is possible to achieve a more accurate radiometric calibration so that all images are corrected by the spectral sensitivity of the camera sensor and the spectral transmittance of optical lens and filters. Starting from calibrate images, it is possible to perform several post-processing procedures as false-color images and chemometric image analysis (PCA, PLS, K-means, etc.), in order to emphasize spectral features which are not evident in the raw data set [12] [13] [14] [15] .
The most traditional post-processing technique is the so called false-color image, which is a rendering method used to display colored images recorded in the visible and IR regions. Traditional false-color photography has been comprehensively used as a guide for identification of pigments. The experimental procedure requires the combination of RGB color images and IR reflectogram, in which the image taken in the green range of the electromagnetic spectrum (centered at about 500 nm) replaces the blue image (B), the image taken in the red range (centered at about 600 nm) replaces the green image (G), and the IR reflectogram substitutes the red image (R) [16] [17] [18] [19] . This approach is very useful to recognize pigments which have large differences in the IR absorbance, although they appear similar to the eye (i.e., lapis lazuli shows a red false-color with respect to the much less expensive azurite that looks blue [20] ). However, since any combination of three different images (not mandatorily corresponding to the ones just mentioned) could be defined as "False-color image", new perspectives are open to image processing, not necessarily involving IR range but aiming to underline different spectral features even in the visible range [21] .
The second step is applying suitable chemometric approaches which have proven to be powerful tools to reduce data dimensionality, detecting hidden patterns also removing noise and redundant correlated data [22, 23] . One of the most used chemometric methods in the analysis of paintings is the principal component analysis (PCA) that is a multivariate linear method which allows to represent data in a set of new loading, called principal components [24] . PCA is applied to the diagnostic imaging of paintings mainly for the recognition of pictorial materials [25] [26] [27] or to identify pictorial drafting and restoration works [28, 29] .
The new frontier for the analysis of multimodal images is the multisensor data fusion, that is a technology to enable combining information from several sources in order to form a unified data set to be processed [30] . Paintings are good objects to apply data fusion technique due to the fact that their surface heterogeneities and complex stratigraphies required different analytical methods, experimental set ups and devices to be analyzed [31] [32] [33] .
In this research, false-color images and PCA of data fusion of visible and IR images of the painting The Drunkenness of Noah painted by Andrea Sacchi is presented.
Some areas were compared with the radiography images which represent the complementary imaging technique par excellence.
The importance of applying VIS-NIR-SWIR reflectrography, radiography, and post-processed imaging on this painting is related to the fact that it could be the first version of the four oil paintings representing Drunkenness of Noah painted by Andrea Sacchi. This study represents the starting point for the scientific investigation of these paintings through the observations of pentimenti and the stylistic, artistic, and documental support of the conservators and humanistic researchers, with the aim to define which painting of them represents the first version.
Materials and Methods

The Painting
The Drunkenness of Noah represents a biblical scene (Genesi 9, 20-27) in which Noah is sleeping naked after getting drunk on his wine. His third son, Ham, saw his father unclothed and showed it to his two brothers (Shem and Japhet). They put a wrap on their backs and reclined it to cover his father with their faces turned away.
The painting analyzed in this research is an oil on canvas (150.5 by 205.8 cm) and one of the four observable versions. This is stored in Palazzo Ghigi in Ariccia (Rome) and it is shown in Figure 1 
VIS-NIR-SWIR Multispectral Imaging
The VIS and NIR multispectral imaging were performed with a NIR converted camera (Nikon D7100) equipped with a Si sensor, in the spectral range of 370-1100 nm, with a resolution of 24.1 MegaPixel. The camera is equipped with four Edmund Optics filters: One IR cut and three long pass filters above 780 nm, 830 nm, and 1000 nm. SWIR camera (XENICS "Xeva-1.7-640'') has an InGaAs sensor with the spectral range at 900-1700 nm, a resolution of 640 × 512, a pixel pitch of 20 µm and an array cooling (TE1-cooled down to 263 K).
All the multispectral images were properly radiometrically calibrated: For each acquisition, an image of the painting with a reflectance standard (spectralon white diffuse reflectance standard, Edmund Optics) was recorded. Then, each image was normalized to the spectral energy reflected in the acquisition band by the reflectance standard, in order to have images corrected by both the spectral sensitivity of the cameras and the spectral transmittance of the optical lens and the filters. To illuminate, we used two halogen bulbs (Uniflood 300 W, 3350 K, Cosmolight) placed at 45 degrees with respect to the normal of the painted surface.
The images were registered by using ImageJ (an open source image processing software) and post-processed by using MATLAB 2017a integrated by Hypertools (Free Graphical User Interface for Hyperspectral Image Analysis). The VIS-NIR-SWIR images were also stacked in a multispectral cube and then combined in a false-color image (called also raw data). We performed PCA on the multispectral image cube, which is a chemometric processing method that carries out a linear transformation which decorrelates multivariate data by translating and/or rotating the axes of the original space. In this way, the data can be represented without any correlation in a new component space. Each component explains a certain percentage of the variance: The first component (PC1) explains the maximum variance, the second component (PC2) another consistent part. and so on, until reaching the 100% of the explained variance.
Radiography
The Radiography was performed with a tungsten X-ray source and an Image Plate detector (IP) with a reading system (Kodak CR7400) that allows obtaining digital image with the dimension of 18 × 24 cm, 16 bit gray scale, and a resolution of 600 dpi. The operating conditions were 38 kV and 1 MAS.
Results and Discussion
Several pentimenti were detected by capturing NIR and SWIR multispectral images, as shown in Figure 2 . By acquiring images at different spectral ranges, the readability of underdrawings is increased because of the fact that each pictorial layer is differently transparent in the IR range. Since it is impossible to know a priori of the whole chemical composition of the painting, multispectral The painting placed at Palazzo Chigi in Ariccia was restored in 2010 by removing ancient varnishes and repainting, which were realized to cover the Noah's intimate parts, as showed in Figure 1a .
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The VIS and NIR multispectral imaging were performed with a NIR converted camera (Nikon D7100) equipped with a Si sensor, in the spectral range of 370-1100 nm, with a resolution of 24.1 MegaPixel. The camera is equipped with four Edmund Optics filters: One IR cut and three long pass filters above 780 nm, 830 nm, and 1000 nm. SWIR camera (XENICS "Xeva-1.7-640") has an InGaAs sensor with the spectral range at 900-1700 nm, a resolution of 640 × 512, a pixel pitch of 20 µm and an array cooling (TE1-cooled down to 263 K).
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Several pentimenti were detected by capturing NIR and SWIR multispectral images, as shown in Figure 2 . By acquiring images at different spectral ranges, the readability of underdrawings is increased because of the fact that each pictorial layer is differently transparent in the IR range. Since it is impossible to know a priori of the whole chemical composition of the painting, multispectral imaging approach is always recommended. For each IR multispectral image, we can already recognize differences with the visible image by a point-to-point comparison. However, this approach results as a slow method and it depends on the capacity to find changes in gray scale images. Thus, in order to better emphasize differences between the visible image and infrared ones, we generated a false RGB by replacing the red channel (R) with the image obtained from the InGaAs image, the green channel (G) with the image acquired by the Si sensor with the longpass filter at 1000 nm, and the blue channel (B) acquired by the Si sensor with the IR cut filter image.
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In order to improve the readability of the pentimenti, we computed the principal component analysis (PCA) of the entire set of multiple images after mean centering and singular values decomposition (SVD). A false-color image (called also raw data) was obtained by combining the first three components of the entire set of VIS-NIR-SWIR in a RGB image (Figure 5a ). The score images obtained from single components coded as color grade are also shown in Figure 5b -d. It resulted that the PC1 explains approximately 94.5% of the variability, while PC2 and PC3 represent about 3.5% and 1.5%. The images obtained by PCA are expected to better highlight small differences appearing in the images acquired in partially overlapped spectral windows, since the PCA components are obtained by simultaneously considers all the acquired data, leaving out spectral correlations and highlighting the contrasts between spectral bands. False-color with only three images is a reductive approach, as it cannot produce an exhaustive analysis of post-processed images. A significant improvement in the ability to analyze multispectral data is obtained by stacking multibands VIS, NIR, and SWIR images in a spectral cube and performing additional processing through Hypertools (a free Matlab GUI).
In order to improve the readability of the pentimenti, we computed the principal component analysis (PCA) of the entire set of multiple images after mean centering and singular values decomposition (SVD). A false-color image (called also raw data) was obtained by combining the first three components of the entire set of VIS-NIR-SWIR in a RGB image (Figure 5a ). The score images The analysis reveals most of the pentimenti highlighted in the previous false-color image (see Figure 3 ). However, since the processing is not supervised, hidden details well highlighted in the IR images are occasionally not so well evidenced. For example, the two faces' sketches of the Noah's son in the foreground are better identified in the original InGaAs image, as shown in the detail in Figure  6 rather than in the PCA images. Nevertheless, it is worth mentioning that none of the spectral The analysis reveals most of the pentimenti highlighted in the previous false-color image (see Figure 3 ). However, since the processing is not supervised, hidden details well highlighted in the IR images are occasionally not so well evidenced. For example, the two faces' sketches of the Noah's son in the foreground are better identified in the original InGaAs image, as shown in the detail in Figure 6 rather than in the PCA images. Nevertheless, it is worth mentioning that none of the spectral information contained in the original data set is lost by the PCA processing.
(c) (d) Figure 5 . False-color image obtained from the first three components of the processed multispectral data cube (a), intensity color coded images form principal component analysis (PCA) components are shown respectively as PC1 (b), PC2 (c), and PC3 (d).
The analysis reveals most of the pentimenti highlighted in the previous false-color image (see Figure 3 ). However, since the processing is not supervised, hidden details well highlighted in the IR images are occasionally not so well evidenced. For example, the two faces' sketches of the Noah's son in the foreground are better identified in the original InGaAs image, as shown in the detail in Figure   ( On the other hand, PC2 evidences few details not clearly identified in the InGaAs image: Here, the chin of the earlier version of Ham's face seems to have undergone changes, as shown in Figure 7 . On the other hand, PC2 evidences few details not clearly identified in the InGaAs image: Here, the chin of the earlier version of Ham's face seems to have undergone changes, as shown in Figure 7 .
To complete the investigation of the pentimenti, we performed radiographic images in the three most interesting parts of the paintings: Noah's sons heads (Figure 8 ). The radiographic images showed the same pentimenti already seen in the post-processed VIS-NIR-SWIR images. Moreover, the radiography performed on the double face of Noah's son was evidence of the presence of the chin, reinforcing and confirming the findings of the PC2 image. On the other hand, PC2 evidences few details not clearly identified in the InGaAs image: Here, the chin of the earlier version of Ham's face seems to have undergone changes, as shown in Figure 7 . To complete the investigation of the pentimenti, we performed radiographic images in the three most interesting parts of the paintings: Noah's sons heads (Figure 8 ). The radiographic images showed the same pentimenti already seen in the post-processed VIS-NIR-SWIR images. Moreover, the radiography performed on the double face of Noah's son was evidence of the presence of the chin, reinforcing and confirming the findings of the PC2 image. 
Conclusions
Infrared reflectography performed by selecting different spectral regions permits to highlight several hidden details of the painting. We presented an almost complete diagnostic analysis for the study of Drunkenness of Noah's underdrawings and pentimenti, exploiting the limitation of the univariate approach versus a more exhaustive multivariate approach. Multivariate approach was investigated by applying a "soft" post-processing procedure, modifying the consolidated false-color RGB combination by inserting the gray scaled visible image in one channel and two infrared images at different spectral ranges in the other ones. This method emphasized the differences between visible 
Infrared reflectography performed by selecting different spectral regions permits to highlight several hidden details of the painting. We presented an almost complete diagnostic analysis for the study of Drunkenness of Noah's underdrawings and pentimenti, exploiting the limitation of the univariate approach versus a more exhaustive multivariate approach. Multivariate approach was investigated by applying a "soft" post-processing procedure, modifying the consolidated false-color RGB combination by inserting the gray scaled visible image in one channel and two infrared images at different spectral ranges in the other ones. This method emphasized the differences between visible and underdrawing features, permitting an easier visualization of the meaningful areas. The use of PCA was very important to reveal other spectral variances that were confirmed by radiographic images.
We confirmed that the multispectral image acquisition is required and recommended to visualize hidden details of a painting. In addition, post-processing reveals important spectral features which were not visible otherwise, starting from non-conventional false-color images to chemometric methods (such as PCA).
The occurrence of the pentimenti found here shows that the composition originally conceived differs from its final realization. Except for the pentimenti, which regard the small changes in the position of the represented figures, the short hair of the Noah's son in the background, realized in the first instance, remains the main aspect to investigate further. As a matter of fact, these features are similar to the drawing conserved at the Metropolitan Museum. Although it is not possible to make definitive conclusions without carefully studying the paintings exhibited in the other museums, the occurrence of the pentimenti suggests that this painting could be one of the first versions realized by the original artist.
The next step will be the analysis of the other Drunkenness of Noah versions painted by Andrea Sacchi in order to add diagnostic information to be further integrated with documental, stylistic, and artistic expertise.
